Introduction {#j_hukin-2019-0079_s_001}
============

Core stability exercises have become popular for enhancing spinal stability and quality of life in various populations ([@j_hukin-2019-0079_ref_001]) as well as for sport performance and injury prevention ([@j_hukin-2019-0079_ref_030]). Common core stability exercises include the abdominal drawing-in maneuver (ADIM) and quadruped arm lifts ([@j_hukin-2019-0079_ref_001]). These exercises recruit deep muscles of the spine such as the lumbar multifidus (LM) and abdominal muscles such as the transversus abdominis (TRA) ([@j_hukin-2019-0079_ref_011]).

Rehabilitation ultrasound imaging (RUSI) has been extensively used to image TRA and LM during various exercises ([@j_hukin-2019-0079_ref_043], [@j_hukin-2019-0079_ref_044]). Specifically, this technique is used to examine muscle thickness and the cross-sectional area at rest and during contraction ([@j_hukin-2019-0079_ref_043], [@j_hukin-2019-0079_ref_044]). Studies have shown that RUSI evaluation of TRA and LM morphology is valid compared with magnetic resonance imaging ([@j_hukin-2019-0079_ref_009]). Furthermore, by comparison to indwelling electromyography RUSI is considered a valid indicator of activation of specific muscles under specific conditions ([@j_hukin-2019-0079_ref_003]).

Although muscular performance improves as children grow, the factors which contribute to this increase are still under discussion ([@j_hukin-2019-0079_ref_008]; [@j_hukin-2019-0079_ref_013]; [@j_hukin-2019-0079_ref_016]; [@j_hukin-2019-0079_ref_033]). Increases in muscle strength have been associated with changes in muscle size ([@j_hukin-2019-0079_ref_013]), muscle moment-arms ([@j_hukin-2019-0079_ref_034]), specific muscle tension ([@j_hukin-2019-0079_ref_035]) and neuromuscular activation ([@j_hukin-2019-0079_ref_016]; [@j_hukin-2019-0079_ref_029]; [@j_hukin-2019-0079_ref_005]). With respect to muscle size, most studies examined large pennate muscles of the lower limbs ([@j_hukin-2019-0079_ref_008]; [@j_hukin-2019-0079_ref_013]; [@j_hukin-2019-0079_ref_016]; [@j_hukin-2019-0079_ref_033]). [@j_hukin-2019-0079_ref_047] reported that adult soccer players showed similar TRA thickness at rest compared with adolescent players. In contrast, adult players showed almost a 2.5 times greater contraction ratio during the draw-in-maneuver compared with adolescents. Based on these results, these authors commented that adolescents displayed "a developmental delay" of the TRA thickness and activation. However, three recent studies have shown a significant correlation between age and TRA thickness in adolescent athletes and non-athletes which is minimized when body mass effects are taken into consideration ([@j_hukin-2019-0079_ref_023], [@j_hukin-2019-0079_ref_022]; [@j_hukin-2019-0079_ref_025]). It appears that although age-related increases in TRA in adolescents are due to development of body mass, the capacity to contract TRA during exercise may be influenced by age.

The effects of aging on TRA and LM thickness have also been examined ([@j_hukin-2019-0079_ref_015]; [@j_hukin-2019-0079_ref_028]; [@j_hukin-2019-0079_ref_037]; [@j_hukin-2019-0079_ref_039]; [@j_hukin-2019-0079_ref_040]). In particular, some studies identified only a small correlation between age and TRA thickness in individuals aged from 22 to 62 years ([@j_hukin-2019-0079_ref_028]; [@j_hukin-2019-0079_ref_037]). Others found no difference in TRA ([@j_hukin-2019-0079_ref_015]) and LM ([@j_hukin-2019-0079_ref_015]; [@j_hukin-2019-0079_ref_040]) thickness in young (aged 20.0 years) individuals compared to elderly participants (aged up to 85 years). Another study, however, reported greater LM thickness in older adults (60-85 years) than younger (18-40 years) ones ([@j_hukin-2019-0079_ref_039]). This was attributed to a greater body mass index in the elderly compared with adults ([@j_hukin-2019-0079_ref_039]). Nevertheless, young adults displayed greater LM thickness during exercise than older individuals ([@j_hukin-2019-0079_ref_039]), which probably indicates a better ability to increase contraction thickness compared to older individuals.

The reliability of measurements made with RUSI has been extensively investigated in adults ([@j_hukin-2019-0079_ref_007]; [@j_hukin-2019-0079_ref_038]). A few research studies in young adolescents ([@j_hukin-2019-0079_ref_024], [@j_hukin-2019-0079_ref_027]) reported that TRA thickness at rest displayed ICCs ranging from 0.68 of 0.97, whilst the contraction thickness ratio (CTR), which is defined as muscle thickness during contraction relative to thickness at rest, displayed an ICC ranging from 0.81 to 0.85. Others have reported greater reliability in older adolescents ([@j_hukin-2019-0079_ref_017]; [@j_hukin-2019-0079_ref_049]). Fewer studies reported on LM thickness in children and adolescents ([@j_hukin-2019-0079_ref_021], [@j_hukin-2019-0079_ref_027]; [@j_hukin-2019-0079_ref_050]). Particularly, [@j_hukin-2019-0079_ref_050] reported that LM thickness, determined at rest, showed good intra-rater (ICC3,3 = 0.83-0.99) and inter-rater reliability (ICC2,3 = 0.93-0.99) in adolescents with idiopathic scoliosis. It has been suggested that reliability of the RUSI measurements may vary with chronological age in adolescents due to the effects of psychological stress on US measurements ([@j_hukin-2019-0079_ref_027], [@j_hukin-2019-0079_ref_028]). In addition, aging may have an effect on muscle and fascia echogenicity in the RUSI image thus increasing variation in thickness measurements ([@j_hukin-2019-0079_ref_039]).

Lack of sufficient coordination in core musculature can lead to decreased efficiency of movement and compensatory patterns, causing strain and overuse injuries ([@j_hukin-2019-0079_ref_001]). Early studies reported that thickness of deep abdominal and spinal muscles at rest and contraction are associated with low back pain and altered trunk motor control ([@j_hukin-2019-0079_ref_012]), although recent studies have shown opposite results ([@j_hukin-2019-0079_ref_004]; [@j_hukin-2019-0079_ref_032]). There is evidence that core stability exercises are beneficial for enhancing core stability and endurance in a school environment ([@j_hukin-2019-0079_ref_036]). Examination of muscle thickness in children in comparison to older individuals may be particularly useful in defining the development of deep trunk musculature ([@j_hukin-2019-0079_ref_036]; [@j_hukin-2019-0079_ref_050]). There are suggestions that the examination may be more stressful for younger adolescents than older ones ([@j_hukin-2019-0079_ref_021], [@j_hukin-2019-0079_ref_027]). Similarly, older individuals may have a lower thickness of LM when performing an exercise than young adults ([@j_hukin-2019-0079_ref_039]). To our knowledge, no other studies have examined differences in TRA and LM size at rest and contraction between pre-pubertal children, adolescents and adults. If the ability to recruit the core muscles varies across the life span, then structure and application of core stability programs may be age-dependent. Consequently, evaluation of deep abdominal and paraspinal muscle thickness using RUSI to monitor exercise efficiency is worthwhile. The aim of this study was twofold: first, to examine differences in of TRA and LM thickness measured using RUSI between pre-pubertal children, adolescents, young and middle-aged adults and, second, to examine the reliability of deep abdominal and multifidus muscle thickness in four different age groups. It was hypothesized that RUSI measurements would differ between the four different age groups and that RUSI measurements would be equally reliable for use in all groups.

Methods {#j_hukin-2019-0079_s_002}
=======

Participants {#j_hukin-2019-0079_s_002_s_001}
------------

Pre-pubertal children and adolescents were randomly selected from a local sports club, consisting of 46 pre-pubertal children and 39 adolescents. Young and middle-aged individuals were randomly selected from a local fitness club, from a total number of 68 young-adults (aged 18 to 25 years) and 48 middle-aged adults (aged between 45 and 55 years). To be included in this study, all participants followed regular fitness exercise no more than twice a week for the past two years and they had no previous experience with core-stability exercises. Furthermore, all participants had no history of spinal or pelvic-related pain or related condition confirmed by medical examination. Initially all individuals were asked to take part in this study. A total of 86 individuals agreed to participate and they were divided into four age groups. Group 1 consisted of 23 pre-pubertal children (age 7.69 ± 1.23 years; body mass 39.4 ± 2.9 kg; body height 1.45 ± 0.07 m), Group 2 consisted of 20 adolescents (age 13.1 ± 1.2 years; body mass 52.2 ± 6.2 kg; body height 1.54 ± 0.06 m), Group 3 consisted of 21 young adults (age 22.3 ± 3.3 years; body mass 66.8 ± 5.8 kg; body height 1.72 ± 0.08 m) and Group 4 consisted of 22 middle-aged adults (age 54.0 ± 4.1 years; body mass 75.7 ± 8.8 kg; body height 1.74 ± 0.07 m). All participants and the parents or legal guardians of the children received verbal and written information about all procedures and gave their signed informed consent to participate. The study was approved by the local Medical Ethics Committee.

Design {#j_hukin-2019-0079_s_002_s_002}
------

All participants performed one measurement session of the TRA and LM thickness using RUSI. Of these, a total of 39 participants (8 pre-pubertal children, 9 adolescents, 14 young adults and 8 middle-aged adults) were re-tested in a follow-up session 7 days later.

Measurements {#j_hukin-2019-0079_s_002_s_003}
------------

RUSI measurements were taken with the participants at rest and during contraction. Muscle thickness measurements were acquired using an ultrasonic apparatus (SSD-3500, ALOKA, Japan, frequency range 7-13 MHZ) with an electronic linear array probe of 10 MHz wave frequency and a length of 6 cm. The image signal was stored in a digital form through an analogue to digital converter (Canopus, Model ADVC 100, Grass Valley Inc., USA) at a rate of 25 Hz. The primary investigator operated the ultrasound unit and did all the scanning for this study. Training of the primary investigator in the use of RUSI included a 2-month 1-1 practice with an experienced researcher (with 12-year experience) and a further 1-year practice with the specific measurements prior to the commencement of the study. Data were stored by the rest investigators. Therefore, the examiner was blinded to his own previous measurements.

TRA measurements {#j_hukin-2019-0079_s_002_s_004}
----------------

For assessment of TRA thickness, the protocol proposed by [@j_hukin-2019-0079_ref_010] was used. Specifically, ultrasound measurements were performed, once at rest and second when the participant performed the ADIM. The participant was in a supine hook-lying position, with the knees in 60° flexion and the hips in 30° flexion ([Figure 1](#j_hukin-2019-0079_fig_001){ref-type="fig"}) defined using an analogue goniometer. In this position, the first ultrasound measurement was taken. They were then asked to relax by breathing in and out, hold their breath out and then draw in their lower abdomen, for approximately 5 s without moving their spine. To ensure no spinal movement during the measurements a pressure biofeedback unit (Stabilizer pressure bio-feedback, Chattanooga, USA) was placed under the participant's lumbar spine and inflated to 40 mmHg. Any increase of pressure during this maneuver was considered as indicative of spinal movement and the participants were asked to repeat the trial. In this contraction state, the second US measurement was taken. All participants were provided a demonstration of each exercise. They then performed 5 familiarization trials under the supervision of the experimenter. Then, US evaluation took place. The main protocol included 3 drawing-in maneuvers, with a 2-min rest period between trials.

![Example ultrasound images of the TRA muscle (upper panel) and LM at rest and during contraction. Thickness measurements were made between the superficial and deep borders of the TRA muscle and between the posterior-most portion of the L4/5 facet joint and the plane between the muscle and subcutaneous tissue for the LM muscle.](hukin-71-131-g001){#j_hukin-2019-0079_fig_001}

The US transducer was positioned on the anterolateral aspect of the abdominal wall, approximately 2.5 cm superior to the iliac crest and perpendicular to the mid-axillary line ([@j_hukin-2019-0079_ref_043]). To standardize the position of the transducer, the anterior fascial insertion of the TRA muscle was positioned approximately 2 cm from the medial edge of the US image when the participant was relaxed ([@j_hukin-2019-0079_ref_010]). As already stated, US images were obtained at rest and while holding the drawing-in maneuver (contraction) from the left side.

TRA muscle thickness was measured as the distance between the superior and inferior hyperechoic muscle fascias, at the middle of the US image. Measurements were conducted perpendicularly to the muscle fascias.

LM evaluation {#j_hukin-2019-0079_s_002_s_005}
-------------

For assessment of LM thickness, the prone upper extremity lifting task was used ([Figure 1](#j_hukin-2019-0079_fig_001){ref-type="fig"}). Specifically, the participants assumed the prone position, with the right upper extremity abducted to approximately 120°, the elbow flexed to 90°, and pillow(s) placed under the abdomen to flatten the lumbar spine so that the lumbosacral junction angle was less than or equal to 10° (confirmed by inclinometer measurement). The US probe was placed longitudinally along the midline of the spine, first over the L4 level, then moved laterally and tilted slightly medially until the L4-L5 facet joint was visualized. In this relaxed position, an US image was taken. The participant then performed the upper extremity lifting task by lifting the right arm off the table to induce a contraction of the left lumbar paraspinals. Low resistance was provided by using lifting weights equal to approximately 0.45 of body mass. The duration of the contraction was 8 s and the US image was also captured. Following 5 familiarization trials, 3 contraction trials with a 2-min rest period in-between were performed. LM thickness measurement was expressed as the distance between the facet joint and the plane between the subcutaneous tissue and LM multifidus muscle ([Figure 1](#j_hukin-2019-0079_fig_001){ref-type="fig"}).

All measurements were obtained via the electronic calipers of US software (displayed on-screen). The mean of 3 measures, which has been shown to reduce the standard error of the measurement by approximately 40% in adolescents ([@j_hukin-2019-0079_ref_024]) and 50% in adults ([@j_hukin-2019-0079_ref_019]), was used. All testing sessions were completed without any loss in participants or data errors.

An example of RUSI images at rest from each age group is presented in [Figure 2](#j_hukin-2019-0079_fig_002){ref-type="fig"}. The dependent variables included TRA and LM thickness measured with the participants at rest and during contraction. In addition, the CTR was calculated as the percentage change in muscle thickness from rest to contraction.

![Examples of ultrasound images of the transversus abdominis (TRA) and lumbar multifidus (LM) muscle at rest from the four age groups.](hukin-71-131-g002){#j_hukin-2019-0079_fig_002}

Statistical analysis {#j_hukin-2019-0079_s_002_s_006}
--------------------

Data were checked for normality using the Kolmogorov-Smirnov test. Analysis of variance (ANOVA) was used to compare body mass and height between groups. A one-way analysis of co-variance (ANCOVA) was used to examine group differences in each dependent variable, using body mass and height as covariates. If significant, a post-hoc analysis Tukey test was applied to determine significant differences between various pairs of means. The level of significance was set at *p* \< 0.05. Because of multiple comparisons performed on the same data, the level of significance was adjusted using the Bonferroni correction, with the accepted level of significance set at *p* \< 0.008.

An ICC was calculated to assess intra-examiner reliability (ICC~3,3~) with a 95% confidence interval (CI: 95%) based on the average of 3 measurements per session of each muscle. An ICC value ≤ 0.50 was considered low, 0.50 to 0.75 moderate, ≥ 0.75 good and ≥ 0.90 excellent. Agreement between the measurements was examined using Bland-Altman analysis (Bias ± limits of agreement (LoA) ([@j_hukin-2019-0079_ref_002]). Bias was calculated as the absolute difference in thickness (mm) between test and retest sessions; values closer to 0 indicated greater agreement. The LoA was calculated as 1.96\*SD representing a measure of random error between measurement sessions. In addition, the standard error of measurement (SEM) was calculated using the following formula:
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Test-Retest variability (TRV) was calculated as the absolute differences between the two measurements, divided by their average and expressed as a percentage (%).

A Pearson's correlation test was used to examine the association between age and thickness at rest.

Results {#j_hukin-2019-0079_s_003}
=======

Analysis of variance indicated that children had significantly less body mass and height than all other age groups (*p* \< 0.05). Furthermore, adolescents showed lower body mass and height than young and middle-aged adults (*p* \< 0.05). Finally, young-adults had lower body mass (*p* \< 0.05), but similar height (*p* \> 0.05) compared with middle-aged adults.

Age group differences {#j_hukin-2019-0079_s_003_s_001}
---------------------

In all ANCOVA models, the F-ratios for the co-variates body mass and height were not statistically significant (*p* \> 0.008). The one-way ANCOVA showed a statistically significant group difference in TRA values at rest (F~3,82~ = 4.39, *p* \< 0.008), contraction (F~3,82~ = 12.09, *p* \< 0.008) and CTR (F~3,82~ = 7.10, *p* \< 0.008). Post-hoc Tukey tests indicated that young adults showed significantly greater TRA thickness compared with all groups (*p* \< 0.008). Middle-aged adults showed significantly greater TRA thickness at rest and contraction compared with pre-pubertal children and adolescents (*p* \< 0.008). The TRA CTR was similar in pre-pubertal children, adolescents and middle-aged adults (*p* \> 0.008).

The ANCOVA showed statistically significant group differences in LM thickness at rest (F~3,82~ = 9.47, *p* \< 0.008), contraction (F~3,82~ = 8.19, *p* \< 0.008) and CTR (F~3,82~ = 3.58, *p* \< 0.008). Post-hoc Tukey tests indicated that young and middle-aged adults showed significantly greater LM thickness at rest and contraction compared with pre-pubertal children and adolescents (*p* \< 0.008). No other group differences in LM thickness at rest were observed (*p* \> 0.008). Finally, the LM CTR was significantly greater in young-adults compared with pre-pubertal children and middle-aged adults (*p* \< 0.008). No other group differences were found.

Reliability of TRA measures {#j_hukin-2019-0079_s_003_s_002}
---------------------------

The ICC values for TRA assessment ranged from 0.86 to 0.97 at rest, from 0.89 to 0.97 during ADIM and from 0.77 to 0.98 for the CTR. Adolescents presented the highest ICCs compared to the other groups ([Table 2](#j_hukin-2019-0079_tab_001){ref-type="table"}). In absolute terms, the SEM values ranged from 0.10 to 0.38 mm at rest, from 0.13 to 0.33 mm during ADIM and from 1.00 to 5.33% for CTR, with adolescents presenting the lowest SEM. The TRV values at rest ranged from 4.17 to 9.09%, from 4.32 to 5.54% during ADIM and from 5.73 to 17.61% for the CTR, with adolescents demonstrating the lowest TRV values. Overall the systematic error was low in all groups ranging from 0.00 to 0.21 mm at rest, from 0.06 to 0.15 mm during ADIM and from 0.19 to 0.91% for the CTR. The random error range was 0.13-1.00 mm at rest, 0.18-0.72 during ADIM and 1.54-15.89% for the CTR, with young adults demonstrating the highest error.

###### 

Mean (±SD) of RUSI thickness values at rest and abdominal drawing-in maneuver (ADIM) for transversus abdominis and contraction (for multifidus) and contraction thickness ratio (CTR) for each age group.

  Variable           Pre-pubertal children   Adolescents             Young Adults    Middle-aged adults
  ------------------ ----------------------- ----------------------- --------------- --------------------
  Sample (N)         23                      20                      21              22
                                             Transversus Abdominis                   
  Rest (mm)          2.94 ± 0.56\*\^         3.16 ± 0.40\*\^         4.12 ± 0.78     3.59 ± 0.50\*
  ADIM (mm)          3.56 ± 0.71\*\^         3.93 ± 0.47\*\^         5.54 ± 0.94     4.42 ± 0.48\*
  CTR (%)            21.17 ± 5.27\*          24.57 ± 6.97\*          37.69 ± 11.22   24.18 ± 9.18\*
                                             Multifidus                              
  Rest (mm)          23.50 ± 3.11\*\^        23.74 ± 3.41\*\^        31.47 ± 6.86    32.83 ± 5.06
  Contraction (mm)   28.79 ± 3.86\*\^        29.41 ± 3.57\*\^        41.00 ± 10.21   39.77 ± 5.47
  CTR (%)            22.58 ± 3.36\*          24.46 ± 8.14            30.01 ± 10.42   21.70 ± 7.19\*

\*Significantly different compared with young adults (p \< 0.008)

\^ Significantly different compared with middle-aged adults (p \< 0.008)

Reliability of LM measures {#j_hukin-2019-0079_s_003_s_003}
--------------------------

The ICC values for LM assessment ranged from 0.77 to 0.99 at rest, from 0.81 to 0.99 during contraction and from 0.76 to 0.98 for CTR with adolescents presenting the highest ICCs ([Table 3](#j_hukin-2019-0079_tab_003){ref-type="table"}). In absolute terms, the SEM values range was 0.36 -- 1.30 mm at rest, 0.38-1.92 mm during contraction and 1.14-3.78% for the CTR with adolescents presenting the lowest SEM. The TRV values range was 1.89-5.08% at rest, 1.67-4.51% during contraction and 7.08-13.11% for the CTR with adolescents demonstrating the lowest TRV. Overall, the systematic error was low in all groups ranging from 0.42-1.17 mm at rest, 0.11-0.91 mm during contraction and 0.03-1.29% for the CTR. The random error ranged between 0.42-3.20 mm at rest, 0.57-4.82 during contraction and for the CTR the range was 2.10-7.71% with pre-pubertal children and young adults demonstrating the highest random error value.

Correlation between age and thickness at rest {#j_hukin-2019-0079_s_003_s_004}
---------------------------------------------

The Pearson's moment correlation coefficient between age and thickness at rest was 0.258 (*p* \< 0.05) and 0.553 (*p* \< 0.05) for TRA and LM thickness, respectively.

Discussion {#j_hukin-2019-0079_s_004}
==========

The main findings of this study were that: a) amongst the four groups, young adults showed the highest TRA and LM thickness at rest and contraction and the pre-pubertal children the lowest, b) the LM CTR was greater in young-adults and adolescents and lower in pre-pubertal children and adults, while the TRA CTR was greater in young-adults compared with all other age-groups, and c) RUSI assessment of TRA and LM at rest and during contraction displayed high reliability in all groups. This is the first study which examined RUSI assessment of both TRA and LM at rest and during contraction in various age categories.

Pre-pubertal children and adolescents showed lower TRA muscle thickness at rest and contraction than older age groups ([Table 1](#j_hukin-2019-0079_tab_001){ref-type="table"}). This is in line with previous suggestions that increases in lower limb muscle size can account for approximately 75% of differences in strength between children and adult males ([@j_hukin-2019-0079_ref_008]; [@j_hukin-2019-0079_ref_013]; [@j_hukin-2019-0079_ref_016]; [@j_hukin-2019-0079_ref_035]). To our knowledge, no study has compared age differences in TRA thickness at rest and contraction including both children and middle-aged individuals. Two recent experiments in adolescents ([@j_hukin-2019-0079_ref_022], [@j_hukin-2019-0079_ref_028]) have shown that oblique abdominal and TRA thickness adjusted for body mass has no association with age. [@j_hukin-2019-0079_ref_022] reported a significant correlation between TRA thickness and participants\' age only in physically inactive adolescents. Our findings also showed a low association between age and TRA thickness across the whole sample, while there was no systematic difference in thickness between children and adolescents ([Table 1](#j_hukin-2019-0079_tab_001){ref-type="table"}). [@j_hukin-2019-0079_ref_047] found no differences in TRA thickness at rest between adolescents and adults. Nevertheless, in the same study ([@j_hukin-2019-0079_ref_047]), adolescents displayed lower TRA thickness during contraction compared to adults, which is in line with the present findings.

Studies also reported no association between age and TRA thickness in healthy individuals aged from 20 to 80 years ([@j_hukin-2019-0079_ref_015]; [@j_hukin-2019-0079_ref_028]; [@j_hukin-2019-0079_ref_037]). In our study, although TRA thickness and age had a low association, comparison between age groups showed that young adults displayed a greater CTR in comparison not only with children and adolescents, but also with middle-aged adults ([Table 1](#j_hukin-2019-0079_tab_001){ref-type="table"}). Since all participants had no specific experience with core stability exercises, we can suggest that growth and puberty as well as the aging process might have an effect on the ability to activate the deep spinal and abdominal muscles during contraction. [@j_hukin-2019-0079_ref_047] attributed the difference in the CTR between adolescents and adults to an immature contraction of the TRA and the trunk musculature, in general. This conclusion was based on previous observations that development of the spinal column was completed towards the end of the developmental period ([@j_hukin-2019-0079_ref_041]). In fact, our results indicate that pre-pubertal children showed marginally smaller TRA thickness than adolescents confirming the above suggestion.

Group differences in LM thickness were generally similar to those reported for TRA measurements ([Table 1](#j_hukin-2019-0079_tab_001){ref-type="table"}). To our knowledge, there are no data regarding age-related differences in LM thickness at rest and during contraction during core stability exercises using ultrasound including young children and middle-aged adults. There was a moderate correlation between LM thickness at rest and age for the whole sample. This is not in line with previous studies which focused only on older adults and showed no association between age and LM thickness ([@j_hukin-2019-0079_ref_015]; [@j_hukin-2019-0079_ref_040]). One may suggest that after reaching adulthood, the development of thickness with age may not be linear, at least within the range of age categories examined in the present study. However, more research including a sample from a wider age range is necessary before drawing generalized conclusions. Comparison of LM thickness between young (\>20 years) and older (\>60 years) individuals has shown conflicting results as some investigators reported no differences ([@j_hukin-2019-0079_ref_015]), but others reported greater thickness in older individuals than younger ones ([@j_hukin-2019-0079_ref_039]). However, two findings related to LM thickness are noteworthy. First, although LM thickness at rest was lower in adolescents than young-adults, the LM thickness contraction ratio (CTR) was similar between these two groups. This indicates that adolescents showed a similar (relative) ability to recruit the LM muscle to young adults. Second, although LM thickness at rest was similar in the middle-aged and young-adult groups, the LM CTR was lower in middle-aged adults compared with young adults ([Table 1](#j_hukin-2019-0079_tab_001){ref-type="table"}). A similar observation has been reported by [@j_hukin-2019-0079_ref_039]. Consequently, it appears that the high LM thickness at rest displayed by the middle-aged group was not translated into a high CTR of the same muscle during an exercise involving submaximal LM contraction. This may be due to aging effects on muscle mass or the presence of intramuscular fat secondary to aging ([@j_hukin-2019-0079_ref_006]; [@j_hukin-2019-0079_ref_038]). Collectively, within the limitations of the cross-sectional design of the present study, the above findings indicate that age-group differences in LM thickness at rest were not accompanied by similar differences in LM contractile thickness during exercise.

Middle-aged adults showed greater TRA and LM thickness at rest and during contraction compared with children and adolescents ([Table 1](#j_hukin-2019-0079_tab_001){ref-type="table"}). One may suggest that this is due to immature development of muscles in young children. This is based on three factors: first, that body mass was taken into consideration for group comparisons, second, there were no differences in thickness between the two adult groups (middle-aged and young adults) and, finally, that middle-aged adults may display greater US thickness due to greater fat or connective tissue ([@j_hukin-2019-0079_ref_038]; [@j_hukin-2019-0079_ref_040]). It is interesting, however, that neither the TRA nor the LM CTR differed between these three age groups ([Table 1](#j_hukin-2019-0079_tab_001){ref-type="table"}). This indicates that middle-aged individuals could not achieve a greater CTR of TRA and LM during submaximal exercises, despite having greater absolute thickness than children and adolescents. Within the limitations of ultrasound methodology applied in the present study, this implies that the ability to recruit core muscles increases from childhood to early adulthood, but it decreases in middle-aged individuals. One might also consider that these exercises are voluntary activities and therefore, muscle recruitment may be influenced by various factors, such as the ability of the participant to understand the instruction, fear of pain and variability in performance ([@j_hukin-2019-0079_ref_043]; [@j_hukin-2019-0079_ref_045]). These factors may have greater influence on the performance of core exercises in children and middle-aged adults than young adults.

Intra-examiner comparisons of TRA thickness showed high reliability, especially for adolescents ([Table 2](#j_hukin-2019-0079_tab_002){ref-type="table"}). These findings are in agreement with previous studies which investigated asymptomatic adults ([@j_hukin-2019-0079_ref_007]; [@j_hukin-2019-0079_ref_018]; [@j_hukin-2019-0079_ref_020]; [@j_hukin-2019-0079_ref_031]) and support the hypothesis that RUSI measurements are adequately reliable for research and clinical use in children and adolescents. [@j_hukin-2019-0079_ref_024] reported similar ICC (0.95) for RUSI measurement of TRA thickness during the straight leg raising test at rest whilst the ICC for the CTR was somewhat lower (0.81 to 0.85) than the ICC values reported in the present study. The same research group ([@j_hukin-2019-0079_ref_027]) found ICCs ranging from 0.68 to 0.97 when TRA thickness was assessed from a supine position at rest in 10-11 year-olds, while ICCs for 12-15 year-old adolescents were somewhat greater. Therefore, it appears that the results of the present study extend these findings to TRA measurements when children of different age perform the ADIM.

###### 

Reliability values for transversus abdominis RUSI thickness values for all age groups.

  Muscle state                    Test            Rest            ICC~3,3~   SEM    Bias ± LoA     TRV (%)
  ------------------------------- --------------- --------------- ---------- ------ -------------- ---------------
  Pre-pubertal children (N = 8)                                                                    
  Rest (mm)                       3.02 ± 0.36     3.06 ± 0.51     0.86       0.14   0.14 ± 0.47    7.12 ± 4.41
  Contraction (mm)                3.81 ± 0.40     3.98 ± 0.42     0.89       0.13   0.15 ± 0.43    5.54 ± 3.72
  CTR (%)                         23.73 ± 5.21    22.82 ± 3.05    0.77       2.01   -0.91 ± 5.83   10.51 ± 6.17
                                                                                                   
  Adolescents (N = 9)                                                                              
  Rest (mm)                       3.22 ± 0.54     3.28 ± 0.57     0.97       0.10   0.07 ± 0.13    4.17 ± 1.6
  Contraction (mm)                3.97 ± 0.58     4.06 ± 0.64     0.95       0.13   0.09 ± 0.18    4.47 ± 2.10
  CTR (%)                         23.86 ± 5.97    24.06 ± 7.01    0.98       1.00   0.19 ± 1.54    5.73 ± 3.78
                                                                                                   
  Young adults (N = 14)                                                                            
  Rest (mm)                       3.92 ± 1.07     4.13 ± 1.03     0.87       0.38   0.21 ± 1.00    9.09 ± 9.42
  Contraction (mm)                5.40 ± 1.36     5.44 ± 1.35     0.94       0.33   0.01 ± 0.72    5.32 ± 4.83
  CTR (%)                         38.25 ± 12.75   37.71 ± 10.83   0.79       5.33   0.54 ± 15.89   17.61 ± 13.48
                                                                                                   
  Middle aged adults (N = 8)                                                                       
  Rest (mm)                       3.62 ± 0.47     3.63 ± 0.42     0.92       0.12   0.00 ± 0.38    4.91 ± 1.48
  Contraction (mm)                4.37 ± 0.50     4.43 ± 0.45     0.91       0.14   0.06 ± 0.40    4.32 ± 2.11
  CTR (%)                         20.97 ± 5.14    22.63 ± 3.37    0.81       1.39   0.81 ± 3.76    7.60 ± 4.99

*Measures of reliability: ICC: Intraclass Correlation Coefficient, SEM = standard error of measurement, Bias ± LoA = 95% Limits of agreement, TRV = Test-Retest Variability. CTR = contraction thickness ratio*.

The results of the present study showed a high ICC (\>0.95) of LM thickness in adolescents and moderate reliability (ICC \> 0.79) in the remaining groups. This is in agreement with [@j_hukin-2019-0079_ref_050] who reported that LM thickness in children measured at rest showed good intra-rater (ICC = 0.83-0.99) and high inter-rater reliability (ICC = 0.93-0.99). Similar results were reported for young and older adults ([@j_hukin-2019-0079_ref_038]). The SEM for rest values in adolescents was low (\< 0.36 cm) whilst for the other groups it was generally greater (\< 1.29 cm). This may be due to a greater effect on connective tissue and bone on ultrasound image echogenicity of the LM muscle which is often observed in older adults ([@j_hukin-2019-0079_ref_040]). Nevertheless, it appears that performing this specific task is accompanied by test-retest variation in LM thickness at rest and during contraction of no more than 5% which is very similar to that reported by previous studies ([@j_hukin-2019-0079_ref_018], 2009b; [@j_hukin-2019-0079_ref_039]; [@j_hukin-2019-0079_ref_048]). Consequently, our results indicated that RUSI could be applied to quantify the LM muscle CTR during core stability exercises, especially in adolescents.

###### 

Reliability values for multifidus RUSI thickness values for all age groups.

  Muscle state                    Test           Rest            ICC~3,3~   SEM    Bias ± LoA     TRV (%)
  ------------------------------- -------------- --------------- ---------- ------ -------------- ---------------
  Pre-pubertal children (N = 8)                                                                   
  Rest (mm)                       23.61 ± 1.94   23.12 ± 3.01    0.80       1.10   0.50 ± 3.20    5.08 ± 3.18
  Contraction (mm)                29.55 ± 2.88   30.00 ± 3.48    0.93       0.89   0.46 ± 2.40    3.34 ± 1.82
  CTR (%)                         22.59 ± 2.81   23.02 ± 2.33    0.79       1.15   -0.54 ± 6.64   11.61 ± 7.99
                                                                                                  
  Adolescents (N = 9)                                                                             
  Rest (mm)                       23.85 ± 4.33   24.20 ± 4.40    0.99       0.36   0.34 ± 0.42    1.89 ±1.16
  Contraction (mm)                29.27 ± 4.11   29.38 ± 4.10    0.99       0.38   0.11 ± 0.57    1.67 ± 0.87
  CTR (%)                         23.69 ± 8.96   22.40 ± 8.49    0.98       1.14   -1.29 ± 2.10   7.08 ± 5.47
                                                                                                  
  Young adults (N = 14)                                                                           
  Rest (mm)                       29.32 ± 4.03   28.22 ± 3.72    0.89       1.30   -1.02 ± 3.11   4.73 ± 5.79
  Contraction (mm)                35.83 ± 4.11   34.99 ± 3.93    0.81       1.92   0.91 ± 4.82    4.51 ± 6.75
  CTR (%)                         26.74 ± 9.90   26.80 ± 10.93   0.87       3.78   -0.09 ± 7.71   11.23 ± 10.42
                                                                                                  
  Middle aged adults (N = 8)                                                                      
  Rest (mm)                       33.91 ± 2.21   35.12 ± 2.21    0.77       1.03   1.17 ± 2.12    3.64 ± 2.23
  Contraction (mm)                40.40 ± 3.52   41.12 ± 2.52    0.91       0.91   0.72 ± 2.41    2.64 ± 1.75
  CTR (%)                         19.59 ± 4.45   19.44 ± 3.62    0.76       1.94   -0.03 ± 5.65   13.11 ± 10.59

Measures of reliability: ICC: Intraclass Correlation Coefficient, SEM = standard error of measurement, Bias ± LoA = 95% Limits of agreement, TRV = Test-Retest Variability, CTR = contraction thickness ratio

All indices of reliability were lower for the CTR than thickness evaluated at rest or during contraction ([Tables 2](#j_hukin-2019-0079_tab_002){ref-type="table"}-[3](#j_hukin-2019-0079_tab_003){ref-type="table"}). This led to greater variability of this variable across testing sessions which reached almost 17% for the TRA evaluation in young adults ([Table 2](#j_hukin-2019-0079_tab_002){ref-type="table"}). It appears that changes in the CTR after a core stability exercise program in children should exceed 7% for TRA and 6% for LM of the baseline test value so that the examiner is 95% confident that a true change occurred. For young adults, the corresponding values are greater, reaching 17% of baseline value for TRA. Similar results have been reported for older individuals ([@j_hukin-2019-0079_ref_038]). Based on these findings a cautious interpretation of CTR changes following exercise intervention programs is recommended.

The applications of RUSI for the assessment of TRA and LM thickness shows some limitations. First, all measurements were performed by the same examiner which affects their generalizability to other examiners. Since the procedures followed in the present study were carefully applied based on previous protocols, it is very likely that trained examiners with similar experience would produce similar results. Second, RUSI examination of one side was examined. Third, only asymptomatic individuals were examined; and thus, its application in the clinical field should be further investigated. Finally, in this study, measures were made on the US machine during imaging acquisition, rather than using a separate imaging analysis software. This might limit the RUSI analysis precision, but the reliability measurements reflect real-life application of RUSI.

The results of this study were obtained from healthy individuals who were involved in sport and physical activity less than twice a week. It is possible that TRA and LM thickness profiles differ in less or more physically active individuals ([@j_hukin-2019-0079_ref_022]). Furthermore, in the present study muscle thickness was obtained only from one side. Hence, any asymmetries in muscle contraction between sides were not taken into consideration. Finally, muscle thickness at rest and during contraction may vary between genders ([@j_hukin-2019-0079_ref_026]), but such differences were not examined in this study.

The results have some implications for monitoring core stability exercise program effectiveness. First, the observation that TRA and LM thickness varies amongst groups indicates that interpretation of RUSI results should be age-specific. In this way, any muscle atrophy can be identified and treated accordingly using individualized exercise interventions. Second, exercise dosage may differ between young children, adults and older individuals, as their ability to recruit the core stability musculature during the same exercise may not be the same. Furthermore, exercise programs which aim to improve the technique of performing core exercises may be particularly beneficial for young children or individuals who have no experience in performing such movements. This may be beneficial in reducing the risk for musculoskeletal injuries ([@j_hukin-2019-0079_ref_014]), although clearly more research in this area is necessary.

In conclusion, the reduced thickness displayed by children and adolescents in this study does not imply muscle atrophy as it may be part of the growth and development. Since the ability to activate the deep trunk musculature depends on proprioception, motor learning ability and the respiratory pattern ([@j_hukin-2019-0079_ref_044]), the lower CTR displayed by children and middle-aged adults compared to young adults indicates that children may not fully activate their muscles during a typical core stability exercise. Consequently, core stability programs may be beneficial for improving core stability in children and middle-aged adults.
